Abstract: High-Q substrate integrated waveguide (SIW) resonator and its application to low phase noise oscillators are focused in this paper. By drilling air holes in the substrate, SIW bandpass filters (BPFs) with high Q factor could be achieved. This SIW filter is embedded into the feedback loop to be treated as a frequency stabilization element in designing the oscillator. The complex quality factor (Q sc )-peak frequency of the filter is chosen as the final oscillation frequency to obtain low phase noise performance. Moreover, air boxes are utilized instead of the air holes in the substrate to design another oscillator with lower phase noise performance and good harmonic suppression. Two low phase noise oscillators based on fourth-order SIW BPFs with dielectric loading have been studied, demonstrated and fabricated to verify the design concept.
Introduction
Recently, design of high-Q resonant circuit [1] is one of the most effective technology for the development of low phase noise oscillators in a planar environment. The active complementary coupled resonator [2] with a high unloaded Q factor based on substrate integrated waveguide (SIW) technology has been studied to achieve low phase noise performance. Whereas, the second harmonic suppression is worse. Dual-mode SIW bandpass filter [3] has been investigated to implement low phase noise performance in oscillator designs. It could be found that the filter consisting of multiple resonators is capable of providing a larger group delay peak and Q factor compared with the single resonator approach. Microstrip combline BPFs [4] have been used as frequency stabilization elements and the peak frequency of the Q sc is adopted instead of designing the oscillator at the group-delay-peak frequency of the filter to achieve a better phase noise performance. However, microstrip technique could not be suitable for high frequency systems due to its high insertion loss and parasitic effects.
In this paper, a novel method to achieve low phase noise oscillators with high Q SIW BPFs through dielectric loading has been proposed. Air holes are added to synthesize a lower effective permittivity which could increase the stored energy and improve the quality factor of the filter [5] . Two fourth-order SIW BPFs loaded by air holes or air boxes have been designed as the frequency stabilization elements. Source and loading coupling has been used to generate transmission zeros near the passband to obtain high Q sc factors of the BPFs. The Q sc -peak frequencies are regarded as the output frequencies in designing the oscillators with low phase noise performance. Moreover, good harmonic suppression has also been achieved.
Analysis and high Q factors
The Q factor for a circuit is defined as the energy stored in the resonator which is mainly related to three main factors: the substrate thickness, the dielectric permittivity, and the loss tangent [5] . In this study, the substrate thickness is fixed at 0.508 mm. Figure 1 illustrates the equivalent model of the periodic cavity which could also be regarded as a step-impedance filter. Air holes or air boxes would be added in the substrate to decrease the substrate permittivity from the original permittivity ε r1 to a lower permittivity ε r2 . If ε r2 tends to be 1, the loss tangent δ is decreased to be zero:
where δ 0 models the original loss tangent. It could be found that the periodically drilled structure is an effective way to achieve high Q-factor filters. Additionally, the relationships of the loaded quality factor Q l , the external quality factor (Q e ) and the unloaded Q-factor (Q u ) are clearly illustrated [5] . When the insertion loss (IL) tends to be zero, we obtain:
which suggests that the Q u -factor increases as IL decreases. The achievement of the Q factor enhancement is also related to the slow wave phenomenon [6] caused by the dielectric loading. Moreover, the improvement of the high Q factor is beneficial to the stability of the oscillating circuit [7] . Based on the analysis above, two fourth-order SIW bandpass filters have been designed to obtain the optimal Q u factors. Figure 2 (a) depicts the structure of the SIW filter with air holes using square patterns and its equivalent permittivity could be calculated [8] . Two extra metal via holes are added near every square to enhance the coupling strength between the two cavity resonators. Figure 3(a) illustrates the topology of the proposed filter where 1, 2, 3, 4 represent the four SIW cavity resonators and S, L model the source and load, respectively. Its coupling matrix is extracted as follows: 
The coupling coefficients between adjacent resonators are M ij (i = 1, 2, 3, 4, j = 1, 2, 3, 4) which are controlled by the size of the square patterns. The electric coupling between source and load marked by M SL could be adjusted by the lengths of the two open stubs and the distance between them near the input and output ports. To further reduce the equivalent permittivity, air boxes are added instead of the air holes to achieve another fourth-order SIW filter which is depicted in Figure 2 (b). For convenience, the filter with air holes is regarded as filter A (used in oscillator A) and the filter with air boxes is described as filter B (used in oscillator B). The passband of the filter mainly depends on the size of the SIW cavities. Figure 3(b) shows the simulated frequency responses of filters A and B over a large frequency range. It could be found that four transmission poles are obtained due to the four SIW cavity resonators. Moreover, a better out of band rejection performance of filter B has been achieved compared with that of filter A due to the air boxes cut off the surface current which blocks the transmission of the high order modes. The Q sc factors of the two filters are illustrated in Figure 4 which indicates that within the passband, the Q sc -peak of filter A is 703 at 11.7 GHz which is lower than that of filter B which is 823 at 11.9 GHz. Thus, the frequencies of 11.7 GHz and 11.9 GHz are chosen to design the two oscillators, respectively.
Simulated and measured results
For verification, two low phase noise oscillators based on the proposed filters have been designed, fabricated and measured following the design process in [4] . The thickness of the substrate (Roger's 5880) used here is 0.508 mm and the loss tangent is 0.0009. The optimal parameters are shown in Figures 2, 5, 6 the rest of them are illustrated as follows. l 1 = 3.6 mm, l 2 = 5.7 mm, l 3 = 5 mm, h 1 = 5.4 mm, h 2 = 7.2 mm, h 3 = 6 mm, s 1 = 6.6 mm, s 2 = 6.3 mm, s 3 = 6.9 mm and s 4 = 8 mm. We used a FET (NE3514S02) biased at Vcc = 2 V with a collector current I = 10 mA. The photographs of the two low phase-noise oscillators are shown in Figure 5 (a) and Figure 6 (a), respectively and each of them has an area of 65 × 42 mm 2 . The lower permittivity ε r2 in filter A could be calculated [8] to be 1.63. The proposed oscillators are measured using Agilent 8565E spectrum analyzer. The measured output power of oscillator A is 7.8 dBm operating at 11.8 GHz and the second harmonic is below −41.8 dBc shown in Figure 5 (b) and Figure 5 (c).
The measured output power of oscillator B is 7.9 dBm working at 12.1 GHz and the second harmonic is below −43 dBc depicted in Figure 6 (b) and Figure 6 (c). The phase noise of oscillator A is −112.1 dBc/Hz at 100 kHz offset frequency and −141.1 dBc/Hz at 1 MHz frequency offset frequency, as shown in Figure 7 . The phase noise of oscillator B is −117.2 dBc/Hz at 100 kHz offset frequency and −143.6 dBc/Hz at 1 MHz frequency offset frequency. It could be observed that the phase noise performance is improved when air holes are changed into air boxes. The FOM [4] of the oscillator could be written as: 
where L(Δf) is the phase noise at the offset frequency, f 0 is the oscillation frequency, P dc is the dc power consumption. The measured FOM of the two oscillators are −209.5 dBc/Hz and −212.2 dBc/Hz respectively at 1 MHz offset frequency and Table 1 presents the performance comparisons between the proposed oscillators and several other works. It could be observed that based on the technology of dielectric loading and the selection of the Q sc -peak frequency, the phase noise performance is enhanced in our work compared with other circuit topologies which verify the design concept.
Conclusion
Analysis of high Q SIW filters by dielectric loading and their applications for low phase-noise oscillators are reported. Air holes or air boxes are added in the substrate to reach a lower permittivity. The Q sc -peak frequency of the filters are chosen to design the oscillators with measured phase noise below −140 dBc/Hz at 1-MHz offset frequency and second harmonic suppression over 40 dB. This kind of SIW BPFs which could be widely applicated in the feedback oscillator design to achieve better phase noise and higher stability. 
